Human adipose mesenchymal stem cells (haMSCs) are multipotent adult stem cells of great interest in regenerative medicine or oncology. They present spontaneous calcium oscillations related to cell cycle progression or differentiation but the correlation between these events is still unclear. Indeed, it is difficult to mimic haMSCs spontaneous calcium oscillations with chemical means. Pulsed electric fields (PEFs) can permeabilise plasma and/or organelles membranes depending on the applied pulses and therefore generate cytosolic calcium peaks by recruiting calcium from the external medium or from internal stores. We show that it is possible to mimic haMSCs spontaneous calcium oscillations (same amplitude, duration and shape) using 100 μs PEFs or 10 ns PEFs. We propose a model that explains the experimental situations reported. PEFs can therefore be a flexible tool to manipulate cytosolic calcium concentrations. This tool, that can be switched on and off instantaneously, contrary to chemicals agents, can be very useful to investigate the role of calcium oscillations in cell physiology and/or to manipulate cell fate.
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Human adipose mesenchymal stem cells (haMSCs) are multipotent adult stem cells of great interest in regenerative medicine or oncology. They present spontaneous calcium oscillations related to cell cycle progression or differentiation but the correlation between these events is still unclear. Indeed, it is difficult to mimic haMSCs spontaneous calcium oscillations with chemical means. Pulsed electric fields (PEFs) can permeabilise plasma and/or organelles membranes depending on the applied pulses and therefore generate cytosolic calcium peaks by recruiting calcium from the external medium or from internal stores. We show that it is possible to mimic haMSCs spontaneous calcium oscillations (same amplitude, duration and shape) using 100 μs PEFs or 10 ns PEFs. We propose a model that explains the experimental situations reported. PEFs can therefore be a flexible tool to manipulate cytosolic calcium concentrations. This tool, that can be switched on and off instantaneously, contrary to chemicals agents, can be very useful to investigate the role of calcium oscillations in cell physiology and/or to manipulate cell fate.
Human mesenchymal stem cells (hMSCs) have the ability to differentiate into different cell types including adipocytes, chondroblasts and osteoblasts [1] [2] [3] . Human adipose-derived MSCs (haMSCs) are very similar to the bone marrow-derived ones 1 but haMSCs are easier to collect making them promising candidates for cell therapy. Even if the differentiating protocols using chemical agents to differentiate haMSC into adipocytes [4] [5] [6] [7] [8] , chondrocytes [9] [10] [11] and osteocytes [12] [13] [14] are well known, differentiation takes time (from 15 days to 1 month) 4 and cannot produce all cell types. Furthermore, hMSCs spontaneously differentiate after 20 to 30 population doublings and lose their multipotency 1, 15, 16 . HMSCs present spontaneous Ca 2+ oscillations implicating (i) endoplasmic reticulum (ER) Ca 2+ channels like the inositol 1,4,5-trisphosphate receptor (InsP 3 R) and plasma membrane (PM) Ca 2+ channels as well as (ii) store-operated Ca 2+ channels (SOCCs) and (iii) voltage-operated Ca 2+ channels (VOCCs) 16 . These oscillations seem to be controlled by the Ca 2+ release-recapture ER mechanisms amplified by the entry of external Ca 2+ through PM Ca 2+ channels 16 . Sun et al. reported that differentiated hMSCs present less Ca 2+ oscillations than undifferentiated hMSCs and that blocking these oscillations by using a 10 V/m continuous electric field (EF) facilitates differentiation into osteogenic lineage 17 . Several other studies have pointed out the key role of the Scientific RepoRts | 6:32331 | DOI: 10.1038/srep32331
intracellular Ca 2+ for stem cells and differentiation 18 . Moreover, various reports have shown that electromagnetic fields are able to influence the differentiation of stem cells by modulating the intracellular Ca 2+ 19 . However, the exact correlation between the intracellular calcium oscillations and the differentiation process is still unclear.
Microsecond pulsed electric field (μ sPEF) of about 100 kV/m are commonly used to induce PM permeabilisation to different types of molecules (small ions 20, 21 , drugs 22 , DNA 23 ). The higher the EF amplitude, the greater the permeabilisation 24 . Since a decade, a new type of PEFs has been used: the nanosecond PEFs (nsPEFs) that are about 1 000 to 10 000 fold shorter in duration and 30 to 300 fold higher in amplitude. Application of nsPEFs can generate cytosolic Ca 2+ peaks by permeabilising not only PM but also internal membranes such as the ER membranes, allowing the release of the Ca 2+ stored in the ER 25 to the cytosol. The aim of this work was to develop a flexible way to manipulate cytosolic Ca 2+ concentrations. This tool could be switched on and off on demand and allow to study the possibility to mimic spontaneous Ca 2+ oscillations in haMSCs using nsPEFs or μ sPEFs.
Results

Follow-up of the spontaneous Ca
2+ oscillations in haMSCs. Undifferentiated haMSCs presented asynchronous spontaneous Ca 2+ oscillations viewable by the Fluo-4 labelling ( Fig. 1a,b) . Figure 1c shows the stable repetition frequency of cytosolic Ca 2+ concentration oscillations of one cell displaying 14 peaks in about 1800 s (≈ 128 s between each Ca 2+ oscillation). Even if for each cell the rhythm of the Ca 2+ oscillations was rather stable, there was a large intercellular variability in the interval between two oscillations which is in agreement with the idea of asynchronous oscillations (Fig. 1d) . The mean interval between two oscillations was 82 s ± 96 s, mean ± SD (n = 160 cells).
Generation of Ca
2+ peaks using nsPEFs. Since one of our goals was to mimic the spontaneous oscillations with only one single PEF of 10 ns duration and high electric field amplitude, different magnitudes of the PEFs were tested on adherent cells with or without Ca 2+ in the external medium. In the presence of Ca 2+ (Fig. 2a) , a single 10 ns pulse of 7.5 MV/m was needed to induce a cytosolic Ca
2+
increase showing a permeabilisation of the adherent haMSCs to Ca 2+ ions. An amplitude of 16.8 MV/m was needed to induce a Ca 2+ peak in 100% of the haMSCs. In this case, Ca 2+ fluxes can be established across the PM and/or organelles membranes.
In the absence of external Ca 2+ (Fig. 2b) (Fig. 2c ). In the absence of Ca 2+ , no effects were seen when one 10 ns nsPEF of 2.7 MV/m and 8.9 MV/m were applied (Fig. 2b,d) . A nsPEF of 13 MV/m induced a small Ca 2+ response. With nsPEFs from 17 to 21 MV/m Ca 2+ peaks presented a slow rise at the beginning. For nsPEFs of 28 MV/m cells presented Ca 2+ peaks with increasing amplitudes and sharp rises at the beginning. For the application of a 36 MV/m nsPEF, the amplitude of the responses slightly decreased (Fig. 2d) . All together, these data show that the nsPEF amplitude needed to generate a Ca 2+ peak was therefore lower in the presence of external Ca 2+ showing that PM was more susceptible to electric pulses of 10 ns than organelles membranes.
In Fig. 3 , two nsPEFs of 10 ns and of an electric field amplitude strong enough to induce Ca With external Ca 2+ , nsPEF of 11 MV/m allowed reproducing Ca 2+ peaks with comparable amplitude and duration as the spontaneous ones without stopping the spontaneous oscillations (Fig. 3a) . If nsPEFs were delivered during the decreasing time of the spontaneous Ca 2+ peaks, cells still showed an increase in Ca 2+ concentration (Fig. 3a,b) . But, there was no effect if the nsPEF was delivered during the rising step of the spontaneous Ca 2+ oscillations (Fig. 3c ). On Fig. 3d , each nsPEF occurred between two spontaneous Ca 2+ oscillations and generated a Ca 2+ peak (of smaller amplitude, in this particular cell, compared to the spontaneous oscillations) without stopping the spontaneous oscillations.
HaMSCs were also treated in suspension without external Ca 2+ and they also presented Ca 2+ peaks with sharp rises in response to nsPEFs due to the release of Ca 2+ from the internal stores and mostly the ER (Fig. 4) . The amplitude of the Ca 2+ peaks induced by a train of nsPEFs decreased progressively from pulse to pulse even when nsPEFs of higher amplitudes were delivered.
Generation of Ca
2+ peaks using μsPEFS. Reproduction of spontaneous oscillations (same amplitude and duration) was achieved using one μ sPEF of 100 μ s and 15-31 kV/m. However, not all the cells responded. The higher the μ sPEF amplitude, the higher the percentage of cells presenting a Ca 2+ response (up to 98% with the delivery of a μ sPEF of 31 kV/m, Supplementary Table S1). Interestingly, part of the responding cells presented a slow rise at the beginning of the peak (Supplementary Table S1 ), like the spontaneous oscillations. The other cells exhibited a sharp rise in the cytosolic Ca 2+ concentration (Fig. 5) . The lower the μ sPEF amplitude, the higher the percentage of cells presenting a slow rise at the beginning of the Ca 2+ peaks (Supplementary Table S1 ). The amplitudes of the induced Ca 2+ peaks were similar to the amplitudes of the spontaneous Ca 2+ oscillations. The μ sPEF induced Ca 2+ peaks produced are due to external Ca 2+ entry through the PM, since no peak was detected in the absence of external Ca 2+ (data not shown). Spontaneous oscillations were not interrupted by the application of six μ sPEFs (Fig. 5 ). The addition of 30 μ M of propidium iodide (PI) during the treatment or 30 min after the last electrical stimulation showed no PI uptake (data not shown) revealing that cells were still alive 30 min after the treatment and that these pulses lead to a very weak permeabilisation.
Finally, in the absence of external Ca 2+ (S-MEM) there was no increase in Ca 2+ fluorescence when applying one single μ sPEF of 31 kV/m (data not shown) proving that external Ca 2+ was involved in the We used PEFs to generate artificial Ca 2+ peaks: we show that one nsPEFs or one μ sPEFs can provoke a Ca 2+ peak similar to the spontaneous oscillations (same amplitude and duration, depending on the electric field amplitude and on the presence or the absence of external Ca 2+ ). The presence or absence of serum in the media did not change the effect of the pulse, (data not shown).
Different publications already presented Ca 2+ release induced by nsPEFs in non-excitable cells. It was shown that 10 nsPEFs of 30 ns at 2.5 MV/m 25 or a single 60 ns pulse of 2.5 to 10 MV/m 26 can cause Ca 2+ release from the ER. In the former case, nsPEF affected organelles without affecting PM Ca 2+ channels 25 . For the first time, we report that in non-excitable cells showing spontaneous Ca 2+ oscillations (the haMSC) a single nsPEF as short as 10 ns can cause a Ca 2+ release and a Ca 2+ peak that can be almost identical to one Ca 2+ oscillation as discussed below. The shape of the haMSC spontaneous oscillations is in agreement with the hypothesis described by Kawano et al. 16 (the oscillations are initiated by the release of Ca 2+ stored in the ER and amplified by external Ca 2+ entry through PM Ca 2+ channels). Actually, some haMSCs were not presenting spontaneous Ca 2+ oscillations during the observation time (11%, as indicated in the legend of Fig. 1) . Most of the cells displayed Ca 2+ oscillations of regular amplitude and rhythm, even though there was a large intercellular variability in the time between two consecutive oscillations ( Fig. 1d and legend of Fig. 1 ). Since there is no reason for cell cycle synchronization in our cultures and since it has been shown that hMSCs display Ca 2+ oscillations only during the G1/S phases of the cell cycle 27 , the non-oscillating cells could be the ones out of the G1 or S phases during the observation period. Interestingly, when one pulse is applied, all the exposed cells, synchronously, displayed a Ca 2+ peak (Fig. 2a,b) .
Ca
2+ peak generation by μsPEF. Present knowledge assumes that μ sPEF cannot cause the permeabilisation of organelles membranes since, with μ sPEF, the cell membrane shields the cell inside and the main effect of the μ sPEF is therefore at the level of the plasma membrane. In the presence of external Ca 2+ , the proportion of responding cells presenting induced Ca 2+ peaks with the same shape as the spontaneous oscillations was depending on the μ sPEF amplitude (Supplementary Table S1 ) which can be explained by the hypothesis that, the higher the μ sPEF amplitude, the more massive the Ca 2+ entry through the μ sPEF-permeabilised PM. Figure 6 summarizes the different mechanisms involved in the Ca 2+ peaks generation. It is remarkable that each time a Ca 2+ peak was induced by a μ sPEF, it had an amplitude and a duration similar to those of the spontaneous Ca 2+ oscillations. According to Kawano et al. 16 , SOCCs and VOCCS are involved in the amplification mechanism of spontaneous Ca 2+ oscillations observed in haMSCs (Fig. 6a) . It is therefore possible that a Ca 2+ -induced Ca 2+ release (CICR) pathway involving the release of calcium from the ER and activation of VOCCS and SOCCS is also involved in the amplification of the electrically induced Ca 2+ peaks if the initially μ sPEF-induced Ca 2+ permeabilisation is large enough (Fig. 6b) . The amplification through SOCCs and VOCCs seemed to be controlled by a threshold phenomenon. But, regarding to the intercellular variability in our experiments, it was not possible to determine this threshold.
The application of low amplitude μ sPEFs (15 to 25 kV/m) seems to be interesting to synchronously cause a larger proportion of cells reproducing the same shape of Ca 2+ peaks as the spontaneous oscillations. At this electric field amplitude not all the cells responded ( Fig. 6b "low field") . Application of higher amplitude μ sPEFs (31 kV/m) mostly generated Ca 2+ peaks with a sharp rise (Fig. 6b, " high field") due to larger PM permeabilisation to Ca 2+ , without organelle permeabilisation. This description is in agreement with the classical models of cell electropermeabilisation 24, 28 .
2+ peak generation by nsPEF. It is known that nsPEFs can permeabilise the ER membrane 25 and the PM 29, 30 , and that the electropermeabilisation occurs at the level of the lipid bilayer (according to molecular dynamics simulations 31, 32 and because lipid vesicles can be permeabilised) 33, 34 .
In the absence of external Ca 2+ . nsPEF amplitudes of more than 9.5 MV/m were needed to induce a Ca 2+ peak and the higher the nsPEF strength, the higher the Ca 2+ peak amplitude as well as the sharper the beginning of the peak (Fig. 2d) : Ca 2+ peaks were due to the release of internally stored Ca 2+ (mostly in the ER) which is the only source of Ca 2+ in this case (Fig. 6c) . Considering the shape of the Ca 2+ response, nsPEFs of about 17-21 MV/m induced Ca 2+ responses of smaller amplitude than the spontaneous oscillations but with similar gradual increases at the beginning. For higher nsPEFs amplitudes, Ca 2+ peaks were not only higher but moreover they started more sharply indicating again that, in this case, Ca 2+ flowed from the internal store and no amplification occurred through SOCCs and VOCCs. Correspondingly, a depletion of the internal Ca 2+ stores can explain the decrease in Ca 2+ peaks amplitude in response to several nsPEFs of 20 MV/M or 24 MV/m (Fig. 4) or to the last nsPEF applied in Fig. 2d . According to Kawano et al. 16, 35 , without external Ca 2+ , refilling of the calcium stores should not be possible. Furthermore, since nsPEFs also permeabilise the PM, the leakage of the cytosolic Ca 2+ through the PM (included the Ca 2+ released from the stores) could enhance the internal stores depletion.
In the presence of external Ca 2+ . Ca 2+ peaks amplitudes were either lower than or as high as the ones of the spontaneous oscillations (Fig. 6d) . These data are also in agreement with the amplification mechanism suggested with the μ sPEFs. The fact that some cells exposed to a nsPEF of less than 11 MV/m showed Ca 2+ peaks of a lower amplitude than the spontaneous oscillations (Fig. 6d 1) could be due to the fact that membranes were only slightly permeabilised. Indeed, at these field amplitudes, nsPEF-caused permeabilisation should be reduced in duration or in intensity with respect to μ sPEF-caused permeabilisation (under our experimental conditions, the nsPEF are 10 4 times shorter than the μ sPEF). For nsPEFs of less than 9,5 MV/m, only the external Ca 2+ was involved. For higher nsPEF amplitudes, both the PM and the organelles membranes were permeabilised. When nsPEFs of 11 MV/m to 13 MV/m were applied, the Ca 2+ increases were more important and the shape of the beginning of the peak was similar to that of spontaneous oscillations (Fig. 6d 2, "moderate field" ). When nsPEFs of even higher amplitude were applied (from 17 to 40 MV/m) haMSCs presented Ca 2+ peaks with sharp rising (Fig. 6d 2 "high field" ). This could be explained by the fact that membranes permeabilisation is large enough to lead to a fast and massive increase in cytosolic Ca 2+ , rapidly amplified by the SOCCs and the VOCCs (Fig. 6d 2  "1 + 2") . The amplification mechanism might control the amplitude of these peaks which is similar to the amplitude of the peaks starting by a slow increase. Indeed, the peaks presenting a sharp rise in the Ca 2+ concentration mostly reached the same maximum as the ones showing gradual increases at the beginning. Moreover, it is noteworthy that the application of nsPEF during the rising part of a spontaneous oscillation does not display any . (b) Ca 2+ peak triggered by μ sPEF in the presence of Ca 2+ . When a low electric field amplitude was applied (from 15 to 25 kV/m) the shape of the induced Ca 2+ peaks was the same as the one of the spontaneous oscillations. When a higher electric field amplitude was applied, the amplitude and the duration were the same as the ones of spontaneous oscillations but the shape of the beginning of the peak was sharper than the one of spontaneous oscillations. With μ sPEFs only the plasma membrane was permeabilized. (c) Ca . At low electric field, only the plasma membrane was permeabilized. At moderate and high electric field amplitudes, the plasma membrane and the ER membrane were permeabilized. Black arrows represent Ca 2+ flows. The number 1 corresponds to the event that initiates the calcium peak, the number 2 is the amplification of the calcium peak and the number 3 is the return to the basal state.
additional effect (Fig. 3c) . This observation reinforces the hypothesis that, in the presence of external Ca 2+ , the spontaneous oscillations and the induced peaks are partly using the same mechanisms (involvement of SOCCs and VOCCs), explaining why there is no additive effect and why the amplitude of the induced Ca 2+ peaks is similar to the Ca 2+ oscillations amplitude. A decade ago, it was thought that nsPEFs would only permeabilise organelles, but it has been shown that nsPEFs also permeabilise PM 29 . However, it is still commonly assumed that lower amplitude nsPEFs are needed to permeabilise organelles than PM because the duration of the pulse is shorter than the time necessary to charge the membrane and because the charging time of the membrane of a small organelle is shorter than the charging time of the membrane of a larger element like the entire cell. However, we show here that, with haMSCs, pulses of 10 ns duration and Ca 2+ ions as permeabilization marker, the amplitude of the electric pulses necessary to permeabilise the PM is lower than the PEF amplitude necessary to permeabilize the organelles membrane. Interestingly, the comparison is made here using the same marker (Ca 2+ ) and the same system to visualise it (Fluo-4, used under identical conditions). Our conclusions are supported by Semenov et al. 36 who recently reported that.using a single longer pulse of 60 ns, it is easier to permeabilise PM than organelles in CHO cells (the permeabilisation marker was also the Ca 2+ ). The characteristics of the permeabilisation marker and the sensitivity of the techniques used to detect it are important parameters that must be taken into account. Indeed, we showed elsewhere 37 that the notion of chemical permeabilisation strongly depends on the dye and the technique of observation used. In all the cases, haMSCs recovered in less than two minutes, meaning that Ca 2+ could no longer be mobilised across the membranes. The data also suggest that induced PM permeabilisation or organelles membrane permeabilisation was fully reversible.
Whatever the mechanism for the rise in cytosolic Ca 2+ concentration, the Ca 2+ should be pumped back to the ER through SERCA pumps (sarco/ER Ca 2+ ATPase) and/or released to the external medium through the NCX channel (Na + /Ca 2+ exchanger) and PMCA (PM Ca 2+ ATPase) as demonstrated by Kawano et al.
35
. In conclusion, we developed new flexible tools to control internal Ca 2+ concentrations on demand and to reproduce spontaneous Ca 2+ oscillations in haMSCs using nsPEFs and μ sPEFs. The important parameters (amplitude, duration and shape of the gradient in Ca 2+ concentration) in the regulation of cell physiology by Ca 2+ peaks are not known but with these new tools, different shapes of Ca 2+ peaks can be produced. Interestingly, the perturbation of cell membranes is minimal and fully reversible when the electric pulses are delivered at repetition frequencies compatible with the spontaneous oscillations rates. This way to manipulate the cytosolic Ca 2+ concentration presents the great advantage that it can be instantaneously switched on and off, which is not possible with chemical agents. Thus it is possible to manipulate cytosolic Ca 2+ concentrations on demand by electrical manipulation and to activate or not SOCCs and VOCCs. This approach can help to understand the implication of Ca 2+ oscillations in biological processes like cell differentiation and to determine the important parameters of the Ca 2+ peaks in cell physiology.
Methods
Cells and culture conditions. HaMSCs were isolated from surgical waste of individuals undergoing elective lipoaspiration. Samples were obtained after written informed consent from all the donors, in accordance with France and European legislations 6, 38 . The lipoaspirates were surgical waste and as such the French legislation (Art.L. 1245-2 du Code de la Santé Publique) establishes that the authorization from an ethics committee is not required. Cells were grown in DMEM (Dulbecco's Modified Eagle Medium) supplemented with 10% foetal bovine serum, 100 U/mL penicillin and 100 μ g/mL streptomycin. Cell culture chemicals were purchased from Life Technologies (Cergy Pontoise, France). Cells were propagated at 37 °C in a humidified 5% CO 2 atmosphere by passing them every 3-4 days (one passage corresponding to one doubling time of the population). HaMSCs were isolated and characterised as reported in Liew et al. 39 . Briefly, HaMSCs were isolated by plastic adherence and characterised by flow cytometry analysis of specific surface antigens (positive for CD105, CD90 and CD44 and negative for CD34 and CD45, purity above 90%) and by adipogenic and osteogenic differentiation. Two different media were used in the experiments: complete DMEM (containing 1.8 mM CaCl 2 and 10% foetal bovine serum) and S-MEM (Suspension Minimal Essential Medium, without calcium and foetal bovine serum). Serum was not used in the buffer without calcium (SMEM) since it contains some calcium.
Electric pulses generators and exposure devices. A commercial generator purchased from FID (FID GmbH, Model FPG 10-ISM10, Burbach, Germany) was used to treat the cells. It generates trapezoidal monopolar pulses of 10 ns. The exposure devices were microchambers with parallel gold electrodes, 25 μ m thick, with a gap between the electrodes of 300 μ m or 150 μ m. This device allows a high spatial homogeneity of the electric field (variation lower than 1.6% in z and lower than 2-10% maximum in x) as described in Dalmay et al. 40 . Electric pulses of 100 μ s were generated using a Cliniporator TM (Igea, Carpi, Italy) connected to two parallel stainless steel rods of 1 mm diameter, 4 mm apart that were shaped to enter a 24 plate well and used as electrodes. The whole system was installed on an inverted microscope (see below).
Imaging and images treatment. Cells were cultured on glass cover slides for at least 24 hours to obtain well spread out cells. In order to visualise the Ca 2+ oscillations, the cells were incubated with 5 μ M of the Ca were washed three times with PBS (Phosphate Buffered Saline), turned upside down and placed on the top of the microchamber filled with complete DMEM or S-MEM (the cells being thus located inside the channel). All the observations done with microsecond pulses exposure were done at 37 °C with 5% of CO 2 . Indeed, the microscope had a heating stage controlled by a Tempcontrol 37-2 digital (Pecon GmbH, Erbach, Germany) and the CO 2 was maintained to 5% with a CTI-Controller 3700 digital (Pecon GmbH) into a Plexiglas chamber placed over the heating stage.
Images of haMSCs were taken every 10 s for 10 to 40 min with a Zeiss AxioCam Hrc controlled by the Axio Vision 4.6 software (Carl Zeiss, Oberkochen, Germany) on a Zeiss Axiovert S100 epifluorescence inverted microscope. The pulses were always delivered after at least 5 min of observation and 2 s before the next image. Bright field images and Fluo-4 and Hoechst 33342 fluorescence images were sequentially taken using shutters controlled by the AxioVision 4.6 software. The minimum opening time of the shutters for the fluorescent light was about 500 ms. In order to decrease the light energy applied on the cells, a 90% density Filter Thorlabs (NE110B, Maisons-Lafitte, France) was used.
The Hoechst 33342 was used to track the cells during videomicroscopy. Indeed, nuclei were recognised and the individual cells were tracked using the Cell Profiler software (Broad Institute, Cambridge, USA), allowing the automatic measurement of the Fluo-4 fluorescence of each cell on every image. Curves were plotted with a program in Matlab.
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Statistics plotting.
On the box plot, minima and maxima are represented at the ends of the whiskers. The rectangle is defined by the median and by the first and the third quartile of the sample.
